paternal leakage of mitochondrial DNA (mtDNA) and heteroplasmy have been recently described in several animal species. In arthropods, by searching in the Scopus database, we found only 23 documented cases of paternal leakage. therefore, although arthropods represent a large fraction of animal biodiversity, this phenomenon has been investigated only in a paucity of species in this phylum, thus preventing a reliable estimate of its frequency. Here, we investigated the occurrence of paternal leakage and mtDNA heteroplasmy in ticks belonging to one of the most significant tick species complexes, the so-called Rhipicephalus sanguineus sensu lato. By developing a multiplex allelespecific PCR assay targeting a fragment of the 12S rRNA ribosomal region of the mtDNA, we showed the occurrence of paternal leakage and mtDNA heteroplasmy in R. sanguineus s.l. ticks originated from experimental crosses, as well as in individuals collected from the field. Our results add a new evidence of paternal leakage in arthropods and document for the first time this phenomenon in ticks. Furthermore, they suggest the importance of using allele-specific assays when searching for paternal leakage and/or heteroplasmy, as standard sequencing methods may fail to detect the rare mtDNA molecules.
Mitochondrial DNA (mtDNA) has long been considered an optimal marker in population genetics, phylogenetics and phylogeographic studies for both vertebrates and invertebrates 1, 2 . A fragment of the gene encoding for the cytochrome oxidase subunit 1 (cox1) has been even used for the barcoding of animal species [3] [4] [5] . The success of mtDNA as a molecular marker has been associated to some features generally attributed to it, such as high mutation rate, maternal inheritance and absence of recombination 1 . Maternal inheritance of mtDNA has been deemed as a rule in animal species and several stochastic and deterministic molecular mechanisms preventing the transmission of paternal mtDNA to the zygote have been described [6] [7] [8] [9] [10] . However, the transmission of the male parent's mitochondria to the offspring (i.e., paternal leakage) has been observed in an increasing number of taxa 10, 11 . An outcome of paternal leakage is a state of heteroplasmy in the progeny, where both paternal and maternal mtDNA are present within an individual 10 . Cases of heteroplasmy due to paternal leakage have been revealed in several animals, such as fishes, reptiles, birds and mammals 10, 11 , which is calling into question the assumption of strict maternal inheritance. Notably, mtDNA heteroplasmy could be higher than currently recognized, since the commonly used techniques, such as standard PCR-amplification and Sanger sequencing, are not always able to reveal mtDNA molecules occurring at low frequencies 10, 12 . Furthemore, mtDNA leakage might be more frequent than currently observed because it is only detectable when the parental mtDNA genomes are so different to be recognized. As consequence, although it appears to be more common in interspecific crosses, paternal leakage may be common after crosses between conspecific individuals belonging to genetically divergent lineages 10, 11, 13 . Undoubtedly, additional studies about the frequency of paternal leakage among different species would be valuable, as this phenomenon could eventually affect the inferences about the evolutionary history of species or populations based on mtDNA data Although arthropods represent a large fraction of animal biodiversity and include several species of ecological, socio-economical and medical-veterinary importance [15] [16] [17] [18] [19] , to date the occurrence of paternal leakage and mtDNA heteroplasmy has been documented only in a paucity of species . Fontaine et al. 13 reviewed the cases of paternal leakage in animals up to 2007 and revealed that only 11 cases were documented in arthropod species. By searching for "paternal leakage AND animals" in the Scopus database since 2007, we found 31 papers and, among them, 10 new cases in arthropod species (up to 30 th October 2018) ( Table 1) . Given the large number of arthropods that remain to be screened, the frequency of paternal leakage may be currently underestimated.
In this paper, we aimed to contribute to fill this gap of knowledge. In ticks, the occurrence of paternal leakage has been recently hypothesized in the brown dog ticks (Rhipicephalus sanguineus sensu lato), as crossbreeding experiments between two temperate lineages of R. sanguineus s.l., namely Rhipicephalus sp. I (R. sp. I) and Rhipicephalus sp. II (=Rhipicephalus sanguineus sensu stricto), showed offspring individuals harbouring paternal mtDNA 20 . Here, we assessed whether paternal leakage and heteroplasmy occur in R. sanguineus s.l., by analysing R. sanguineus s.s and R. sp. I individuals originated from experimental crosses 20 , as well as wild-caught ticks coming from the same areas where parental individuals used in the aforementioned crossbreeding experiments were collected. The occurrence of heteroplasmy in R. sanguineus s.l. ticks was screened by a newly developed multiplex allele-specific PCR assay (MAS-PCR) targeting a fragment of the 12S rRNA ribosomal region in the mtDNA.
Results
Multiplex allele-specific polymerase chain reaction reliability. The MAS-PCR was designed to amplify a mitochondrial fragment of the 12S rRNA of R. sp. I and R. sanguineus s.s. (Fig. 1) for which a genetic divergence of about 10% was recorded 21 . The specificity of the MAS-PCR was assessed using known R. sp. I and R. sanguineus s.s. individuals and mixed genomic DNA. Electrophoretic bands of 270 bp and 160 bp were observed for R. sp. I and R. sanguineus s.s., respectively, as well as two bands for the mixed DNA sample (Fig. 2A) . The specificity of the amplification was confirmed by the sequences of the amplicons and the alignment with the reference sequences of R. sp. I and R. sanguineus s.s. available in Genbank (KC243791.1-KC243807.1). The sensitivity of the MAS-PCR, assessed by amplifying serially diluted mixed DNA of both lineages at known concentrations, showed a detectable amount as low as 0.05 ng (Fig. 2B). screening of tick individuals. Crosses were performed by using R. sp. I and R. sanguineus s.s. ticks from Italy and Portugal 20 . A total of 80 parental individuals and 160 F1 offspring were then screened for paternal leakage and heteroplasmy by MAS-PCR. According to this assay, homoplasmic individuals were expected to show a single electrophoretic band of 270 and 160 base pairs for R. sp. I and R. sanguineus s.s., respectively. On the contrary, both bands are expected for heteroplasmic individuals after the electrophoretic run. All parental individuals used to originate the crosses showed the expected electrophoretic banding pattern, with the exception of one R. sp. I female, which was found to be heteroplasmic (Table 2 ). In the offspring originating from the pure crosses, all F1 individuals from the cross "♀ R. sanguineus s.s. × ♂ R. sanguineus s.s. " showed the maternal mtDNA, as expected. On the contrary, among the progenies originated from the cross "♀ R. sp. I × ♂ R. sp. I", two F1 heteroplasmic individuals were found, that showed both bands in the electrophoretic pattern (i.e., 160 and 270 bp bands) (Fig. 3 ). In the cross "♀ R. sanguineus s.s. × ♂ R. sp. I", all F1 individuals showed the maternal mtDNA, while in the cross "♀ R. sp. I × R. sanguineus s.s. ", three F1 individuals showed the 160 bp band (i.e., paternal mtDNA) and three individuals showed both the 160 and 270 bp bands (i.e., maternal and paternal mtDNA) ( Table 2, Fig. 3) .
By analysing wild-caught ticks, all individuals collected from Portugal presented the160 bp band. On the contrary, three out of the 20 R. sp. I individuals analysed from southern Italy showed bands of both sizes (160 bp and 270 bp) ( Table 2 , Fig. 3) .
In all heteroplasmic individuals the two parental alleles were found in a similar ratio (Fig. 3) . No bands were observed in any negative control included in PCR reactions using laboratory and field samples.
Sequencing of the PCR products from a subset of parental individuals (five females and five males from each cross), from all individuals with the paternal mtDNA type and from all heteroplasmic individuals, confirmed the genetic identity of ticks (i.e., 270 bp PCR product identical to the R. sp. I haplotype_h4 KC243794.1, and the 160 bp PCR product identical to R. sanguineus s.s. haplotype_h1KC243802.1).
Discussion
The occurrence of paternal leakage and mtDNA heteroplasmy was hypothesized in a previous study involving R. sp. I and R. sanguineus s.s. ticks, as individuals carrying paternal mtDNA were observed after experimental crosses 20 . The results here obtained supported the above hypothesis, by showing the occurrence of paternal leakage and mtDNA heteroplasmy in R. sanguineus s.l. ticks. The MAS-PCR assay showed the occurrence of heteroplasmic ticks and individuals carrying paternal mtDNA among the offspring of the crosses, as well as in individuals collected from southern Italy ( Table 2 ). Misleading results due to unspecific PCR amplification of the mtDNA of the two species or to the amplification of non-functional nuclear copies of mitochondrial genes (NUMTs) can be ruled out. The MAS-PCR assay, indeed, has proved to be highly specific (Fig. 2) . Furthermore, consistent results between MAS-PCR and the sequencing of PCR products were observed. In the cross "♀ R. sp. I × ♂ R. sp. I", a previous study using standard PCR-amplification and sanger sequencing 20 , showed that two F1 individuals carried the R. sanguineus s.s. mtDNA, although all parental individuals carried the R. sp. I mtDNA 20 . Here, the use of the MAS-PCR assay allowed us to explain this unexpected result, by showing the presence of a single heteroplasmic female among the parental ticks used to originate this cross, that standard techniques were not able to detect (Table 2) .
Paternal leakage was observed in the cross "♀ R. sp. I × ♂ R. sanguineus s.s. ", but not in the reciprocal cross. In the cross "♀ R. sanguineus s.s. × ♂ R. sp. I" paternal leakage could be intrinsically prevented. In animals, indeed, paternal leakage of mtDNA is usually prevented by several stochastic and molecular mechanisms that efficiently exclude paternal mtDNA (e.g., dilution of paternal mtDNA by female mtDNA in the zygote, selective tagging of paternal mtDNA, destruction upon fertilization, bottleneck in the early stages of embryogenesis) 7, 10, 11 . Alternatively, it simply did not occur in this cross by chance or it could not be detected by our MAS-PCR assay. Interestingly, in the cross "♀ R. sp. I × ♂ R. sanguineus s.s. ", three out of the F1 individuals analysed carried only paternal mtDNA, with no evidence of maternal mtDNA (Table 2, Fig. 3 ). In these individuals, maternal mtDNA levels could be below the detection capacity of our assay or, alternatively, complete paternal replacement may have occurred 10, 11, 14 . This phenomenon has been recently reported in the fruit fly Drosophila simulans 22 . In this species, different factors have been hypothesized to explain paternal replacement, such as positive selection in favour of the paternal haplotype, replicative advantage or environmental factors that may impact the inheritance and propagation of paternal mtDNA (i.e., temperature), and stochastic processes due to bottleneck effect or random assortment of parental mtDNA during the early developmental stages 22 . In R. sanguineus s.l. ticks, a role of the environmental factors, such as temperature can be excluded, as it was kept constant in our experiments. Considering that the inheritance of paternal mtDNA could impact not only on the evolution of the molecule but also affect species or population fitness 23, 24 , specific studies addressing the individual fitness will allow us to assess the relative roles of selective and stochastic processes in the observed pattern.
The results from the crossbreeding experiments corroborated those obtained with wild-caught ticks, indeed, mtDNA heteroplasmy was found in R. sp. I individuals from Putignano. This result could suggest the possible occurrence of hybridization between R. sp. I and R. sanguineus s.s. in nature with subsequent paternal leakage-driven mtDNA heteroplasmy. Hybrid zones, where divergent genetic lineages meet and exchange genes [25] [26] [27] [28] [29] [30] [31] , have been often associated with paternal leakage and mtDNA heteroplasmy, as the molecular mechanisms preventing paternal mtDNA inheritance may not be efficient between hybridizing species or populations, due to the high genetic divergence between parental lineages 10, 11 . Interestingly, sympatric areas have been reported between R. sp. I and R. sanguineus s.s. ticks, since both lineages were found in Serbia, Algeria, and in southern and central Italy 21, [32] [33] [34] . In this paper, we analysed one population from southern Italy, that allowed us to detect the occurrence of mtDNA heteroplasmy in Rhipicephalus spp. ticks. A more intense sampling of the Italian populations, as well as of the other sympatric areas will allow us to estimate how frequent this phenomenon is in nature.
The occurrence of paternal leakage and mtDNA heteroplasmy may affect taxonomy and systematic inferences based on mtDNA data alone, because it may lead to misleading identification of individuals. This may be particularly relevant in areas where different species coexist, such as secondary contact zones, or areas of recent colonization. Furthermore, heteroplasmy can lead to recombination between heterologous mtDNA molecules, which, if unaccounted for, can affect the interpretation of phylogenetic reconstruction as well as the population demographic histories inferred by mtDNA data 10, 11, 14, 35, 36 . As far as R. sanguineus s.l. ticks, the finding of paternal leakage suggests that multiple approaches are recommended, such as the use of both nuclear and mitochondrial genetic markers and of specific assays to detect the potential occurrence of heteroplasmy.
MtDNA heteroplasmy due to mutation in the mitochondrial genome sequence has been described in different arthropod species, including ticks [37] [38] [39] [40] [41] [42] [43] . On the contrary, mtDNA heteroplasmy due to paternal leakage has been documented only in a paucity of arthropod taxa, and at our best knowledge, it has never been described in ticks to date. Our finding, therefore, represents the first evidence of this phenomenon in ticks and adds to the few examples of paternal leakage and mtDNA heteroplasmy described in arthropods 13, 22, 44, 45 . Notably, as the commonly used PCR-Sanger sequencing approach can fail to detect mitochondrial heteroplasmy 44, 45 , studies aimed to search for paternal leakage and mtDNA heteroplasmy in hybrid zones using specific assays are desirable to really appreciate how frequent they are in nature, as well as to assess their evolutionary relevance.
Materials and Methods

MAS-PCR.
A MAS-PCR assay was designed on the 12S rRNA region of mtDNA 21 . Reference sequences of the 12S rRNA gene fragment (347 bp) of R. sp. I and R. sanguineus s.s. were used to design the primers for our MAS-PCR assay 21 . The software Primer3Plus, that identifies a list of possible primer pairs, and Beacon designer, that allows checking for cross homologies and template structures during the primer design, were used. We designed: i) a common forward primer for R. sp. I and R. sanguineus s.s. in a conserved region of the 12S gene (R.sp._For, 5′-GCGGTATTTTAAGCTTTTCA-3′); ii) an allele-specific reverse primer for R. sp. I (270 bp amplicon) (R.sp. I_Rev, 5′-CTTGATTCAAATTGACATC-3′); iii) an allele-specific reverse primer for R. sanguineus s.s. (160 bp amplicon) (R. s._s.s._Rev, 5′-ACTGCACCTTGACTTAATATAA-3′) (Fig. 1) .
To test the specificity of the assay, we performed multiplex PCRs using as a template the genomic DNA of known R. sp. I and R. sanguineus s.s. individuals 20 and a mixture of their DNA. PCR was carried out in a 25 µl volume containing 5 ng of DNA, 10 mM Tris-HCl, pH 8.3, 2.0 mM MgCl 2 , 0.4 mM dNTPs, 0.4 µM of the common forward primer, 0.4 µM of each allele-specific reverse primer for R. sp. I, and R. sanguineus s.s., and 2.5 units of NZYTaq polymerase (NZYtech, Lisbon, Portugal). Negative controls containing all reagents but DNA were included in each PCR reaction to check for contaminations. PCR cycling conditions were as follow: 95 °C for 5 min followed by 34 cycles at 93 °C for 1 min, 55 °C for 1 min, 72 °C for 1 min 30 s, and a single final step at 72 °C for 10 min. The PCR products were then separated by electrophoresis run on 2% agarose and visualized by staining with Gelred (Sigma-Aldrich, Milan, Italy). The sizes of the DNA fragments were assessed using a 100 bp DNA ladder (Promega, Milan, Italy) run on the same gel. The reproducibility of the MAS-PCR assay was tested by performing three technical replicates of each reaction. To further support the specificity of our approach, the PCR products, after gel purification by NucleoSpin gel and PCR Clean-up purification kit (Macherey-Nagel, Düren, Germany), were double strand sequenced (https://www.gatc-biotech.com).
To assess the sensitivity of the MAS-PCR assay, the DNA of R. sp. I and R. sanguineus s.s. was mixed at different ratios. A total of 5 ng of DNA was used in each PCR reaction and the proportion of R. sp. I (or R. sanguineus s.s.) was serially diluted to 0.5, 0.1, 0.05 and 0.005 ng to obtain ratios of R. sp. I vs R. sanguineus s.s. DNA of 1:10, 1:50, 1:100, 1:1000.
screening of tick individuals. In a previous study, Dantas-Torres et al. 20 realized pure and crossed lines using R. sp. I individuals from Italy (Putignano, Bari) and R. sanguineus s.s. individuals from Portugal (Faro) 20, 46 . Briefly, ten unfed female and male ticks of the same lineage and of both lineages were placed on naïve rabbits to originate four experimental crosses: i) ♀ R. sp. I × ♂ R. sp. I; ii) ♀ R. sanguineus s.s. × ♂ R. sanguineus s.s.; iii) ♀ R. sp. I × ♂ R. sanguineus s.s. and iv) ♀ R. sanguineus s.s. × ♂ R. sp. I 20 .
In this paper, we developed a specific MAS-PCR assay and screened a total of 240 individuals from the above crossbreeding experiments, that included: all parental individuals (40 males and 40 females) originating the crosses; forty F1 offspring from each cross, including larvae, nymphs, adult females and males.
Genomic DNA was extracted from single ticks following Dantas-Torres et al. 20 , quantified using Nanodrop and diluted with sterile water to have a final concentration of 5 ng/µl. Genomic DNA (1 µl) from each individual was used as template for MAS-PCR following the amplification protocol and conditions described above.
Individuals from natural populations of R. sp. I and R. sanguineus s.s. were also analysed ( Table 2) . A total of 40 wild-caught individuals (10 larvae, 10 nymphs, 10 adult males and 10 unfed/non-mated adult females from the field) were analysed from the same sites where the individuals used for the cross-breeding experiments were collected 20 . R. sp. I ticks were collected from dogs living in a private shelter in Putignano (Bari, southern Italy), whereas R. sanguineus s.s. ticks were collected from privately owned dogs living in Faro (southern Portugal). All ticks were morphologically identified following Dantas-Torres et al. 21 . Genomic DNA was extracted from each individual and MAS-PCR assay was performed as described above. To check for consistency with MAS-PCR assay results a subset of parental and F1 ticks as well as wild-caught individuals were sequenced.
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